Instead of the commonly used chemical doping, it can be more favorable to consider transforming graphene through proximity effects by carefully choosing its adjacent regions. While gate-tunable room-temperature spin-dependent properties could be induced in graphene by magnetic proximity effects from common metallic ferromagnets, this approach is complicated by chemical bonding between a metal and graphene suggesting the need for an intervening buffer layer. However, even with a buffer layer there is still a large energy shift of the Dirac cone in graphene away from the Fermi level. Compared to such a large negative shift and its resulting n-doping when graphene is separated from cobalt by a monolayer h-BN or another layer of graphene, we show that it can be favorable to instead separate graphene by a monolayer of gold or platinum. The resulting proximity induced magnetization is larger, energy shift is somewhat reduced and changes its sign, offering a path for proximity-induced spin polarization in graphene which can be tuned at smaller gate-controlled electric field than for the h-BN buffer layer. FIG. 1. Schematic view of the system. arXiv:2002.05569v1 [cond-mat.mes-hall]
I. INTRODUCTION
Despite its attractive properties, there is a strong interest to modify graphene (Gr) by introducing superconductivity, magnetism, a sizeable energy gap, or strong spinorbit coupling. A common approach to accomplish this by chemical doping or functionalization typically poses inherent difficulties, from introducing unwanted disorder to significantly reducing Gr's high mobility [1] . An alternative approach to transform graphene and overcome these difficulties is provided by proximity effects, whereby it acquires properties of its neighbors, for example, becoming superconducting, magnetic, topologically nontrivial, or with an enhanced spin-orbit coupling [2] [3] [4] [5] [6] [7] [8] . Being atomically thin, Gr and a growing class of two-dimensional (2D) materials are changed significantly even with short-range proximity effects [1] .
In this work we focus on magnetic-proximity effects in Co/Gr-based hetrostructures, as shown in Fig. 1 , that could enhance spintronic applications. However, the interest in magnetic-proximity effects in 2D systems is much broader, as they are considerd for implementing magnetic skyrmions [9] and exotic properties of topological insulators [10] , as well as realizing Majorana bound states for topological quantum computing [11] [12] [13] [14] .
With its high mobility and low spin-orbit coupling, Gr is expected to be a particularly suitable material for spin transport and spintronics [15] [16] [17] . From the first demonstration of spin injection in Gr [18] , there was a significant progress in extending characteristic timescales and lenghtscales over which the spin information can be sustained [19, 20] . Gr-based spin-logic gates have been demonstrated at room temperature [21] , supporting pro- * mbosnar@irb.hr † ivor.loncaric@gmail.com posals for specialized applications which could outperform CMOS-based counterparts [22] . Many spintronic applications rely on ferromagnet(F)/Gr junctions as their building block where the functionalities are realized by changing the magnetization orientation in multiple ferromagnetic layers [15] [16] [17] [23] [24] [25] . An alternative approach, to those employing an external applied magnetic field, is to take advantage of the electrically-tunable magnetic proximity effect in Gr, which is potentially faster and more energyefficient [26, 27] . Both the magnitude and the sign of proximity-induced spin polarization in Gr can be controlled by electric gating [26] .
Common expectations for tunable magnetic proximity effects imply that magnetic insulator is required to avoid a short-circuit effect of a metallic F [28] [29] [30] [31] [32] [33] . This is further supported since Gr forms a strong chemical bonding on Co [26, 34, 35] which removes its spin degeneracy, but also essentially turns Gr into a metallic continuation of Co with a large density of states (DOS) near the Fermi level. Because of that, it is practically impossible to change the spin polarization of Gr on Co by applying the gate electric field [26] . Therefore, the idea to select heterostructures with a van der Waals (vdW) bonded layer of Gr was introduced [26] . A common metallic F with high Curie temperature could then be considered for tunable magnetic proximity effects. In particular, surface passivation through an addition of another Gr layer [26] or a layer of h-BN [26, 34] as a buffer between Gr and Co, as shown in Fig. 1 , was studied. In both cases the passivation results in the top layer of Gr being bound to the underlying structure by the vdW interaction [26] .
A characteristic property of vdW bonding is that it preserves the features of the electronic structure of bound systems, such as the Dirac cone in Gr [26, 35, 36] . However, a few major differences in comparison to a freestanding system are also introduced. In systems studied previously, the most relevant are the (n-type) doping [26, 35] and removing the spin degeneracy due to the proximity effect [26, 34] . The change in the electronic states near the Fermi level compared to the freestanding Gr can be described as a spin-dependent band shift [26] . This is supported by the recent transport experiments [36] . The role of Gr was not viewed as a spin filter [37] , but a source of spin-polarized carriers itself, arising from an interplay of doping by the metallic F and the proximity-induced spin splitting in graphene [36] .
Gr and the passivated surface can be thought of as two plates of a capacitor; gate voltage produces an electrostatic potential difference and charge transfer between them. This changes the spin polarization of Gr at the Fermi level in magnitude and sometimes even sign [26, 34] . An electrostatic model based on this picture predicts that the induced potential difference between the slab and Gr is increased by lowering the DOS at the Fermi level in grahene [26] . It is, therefore, expected that the spin polarization should be more sensitive to gating if the Fermi level is close to the Dirac point in Gr.
With previously studied h-BN and Gr passivation layers, it was found that the pysisorbed Gr is n-doped and the apex of its Dirac cone is shifted approximately 0.5 eV below the Fermi level, resulting in relatively large DOS at the Fermi level [26] . First-principles calculations have shown that tuning the DOS spin polarization in Gr in this system requires large electric fields [26] , achievable only by liquid gating [38, 39] and unsuitable for applications. This is further corroborated experimentally in lateral Co/h-BN/Gr-based spin valves [40] . Within the 2D ferromagnetic contacts in a planar geometry, similar as that depicted in Fig. 1 , an electrostatic gating failed to produce tunable magnetic proximity effects. Instead, to reduce a detrimental n-doping of Gr, 1D edge contacts were used to realize such gate-controlled tunability and the reversal of proximity-induced spin polarization in Gr [40] .
In this work we explore a path to reduce the magnitude of electric fields and realize tunable spin polarization in common 2D geometries by recognizing that Gr on Au and Pt is predicted to have p-doping [35] and could partially counteract the n-doping of Co contacts. Our related first-principles calculations provide guidance towards optimized structures for proximity-induced magnetization and spin gating in Gr, which allows spin control of its electronics properties. While the two doping effects are not cancelled, compared to Co/h-BN/Gr heterostructures Au or Pt passivation yields more than an order of magnitude larger spin polarization in Gr at electric fields < 0.01 V/Å, within the range of electrostatic gating, reaching 15 % with Pt.
II. COMPUTATIONAL DETAILS
Proximity-induced spin polarization of graphene was studied using density functional theory (DFT) as implemented in a real-space code GPAW [42] [43] [44] . The reason for using a real space approach instead of a plane wave expansion is to avoid the use of periodic boundary conditions in the non-periodic direction of the system to prevent electron tunneling in that direction [26] , since such use of the periodic boundary conditions introduces spurious interactions with periodically repeated images of the system which need to be corrected [45] .
In all calculations the semilocal vdW exchangecorrelation functional vdw-df-cx [46] [47] [48] from the libvdwxc library [49] was used. The cell was sampled by a grid of 0.1332 Å spacing in the planes parallel to the heterostructure layers, and 0.166 Å in the perpendicular direction. The GPAW PAW [50, 51] PBE [52] setups were used for all calculations.
Input structures were constructed in QuantumWise Virtual NanoLab [53] . The slab of hexagonal closepacked Co terminated by a (0001) surface was modeled by 7 layers of atoms. The passivating Au and Pt monolayers were added in an extension of this slab, forming a 1 × 1 supercell. Since the lattice constant of Gr (a = 2.46 Å) is similar to that of the Co (0001) surface (a = 2.51 Å), the slab was strained 2.3 % so that it forms a 1×1 supercell with Gr, which greatly reduces the computational burden compared to working with larger supercells. The cell contained 10 Å of vacuum on both sides of the heterostructure.
Since Gr can be positioned differently relative to the surface atoms, the systems were first relaxed in three high-symmetry configurations (Au or Pt atom located above the hollow site of Gr, over a bond between the two C atoms in the unit cell, or on top of one of them) to find the one with the lowest energy. The relaxations were done using the BFGS line search (Quasi Newton) algorithm as implemented in the ASE package [44] , with GPAW as the DFT calculator. The relaxations were performed until the force between the atoms was smaller than 0.05 eV/Å, with a 15 × 15 × 1 Monkhorst-Pack sampling of the Brillouin zone, the Fermi-Dirac smearing of 200 meV and the bottom two layers of Co fixed.
The calculations show that the configuration in which the Au/Pt atoms are located above the hollow sites of Gr, shown in Fig. 2 , is optimal for both passivation layers. The obtained optimal Co/Au/Gr and Co/Pt/Gr structures were relaxed further with a homogeneous electric field included in the ±z direction. The field magnitudes of 0.01 V/Å, 0.05 V/Å, 0.1 V/Å and 0.2 V/Å were used. To improve the precision of the calculated magnetic moments, a self-consistent calculation was performed for each relaxed structure with a dense 63 × 63 × 1 k-point mesh and the Fermi-Dirac smearing of 10 meV. The magnetic moments are estimated as a projection of the spin density
on the localized atomic setup functions. A large number of k points is also needed to resolve the Dirac cone of Gr in the calculations of the projected density of states (PDOS) on carbon atoms. The PDOS was calculated with the Gaussian broadening of 200 meV.
The STM images were simulated following the Tersoff-Hamann theory [54] , as implemented in the ASE package. The ASE tool was modified so that the images can be made separately for the two spin channels.
III. RESULTS AND DISCUSSION

III.1. Zero-gate voltage
The band structures of both systems without the applied field are shown in Fig. 3 . Clearly, in both cases the Dirac cone of Gr is preserved upon adsorption but shifted to higher energies by approximately 0.369 eV and 0.295 eV in the case of Pt and Au passivation layer, respectively. Along with the obtained distances of about 3.5 Å between Gr and the Pt or Au layer ( Fig. 2) , these results suggest vdW bonding between Gr and the metal. Gr is p-doped by an amount somewhat smaller than the n-doping of Gr in the system with a h-BN passivation layer [26] . As shown in the insets in Fig. 3 , lifting of the spin degeneracy is also induced in Gr.
According to the model Hamiltonian of Gr in contact with passivated Co surfaces [34] , the spin splitting can be separated into two contributions: Exchange splitting that is constant in energy and k near the Fermi level and K point, and the energy and k dependent contribution due to hybridization. The exchange part can be estimated as a difference of the energies of spin-up and spin-down Gr bands far away from the avoided crossings, while the hybridization contribution is more difficult to quantify.
The spin splitting of the Gr bands in Co/Au/Gr is approximately constant near the Fermi level, as illustrated in the inset of Fig. 3(a) , and averages to about 1.05 meV. In contrast, the gaps at the avoided crossings, such as the one shown in Fig. 3(b) , are so large in Co/Pt/Gr that the spin splitting is not uniform in any part of the band structure near the Fermi level.
The larger spin splitting on avoided crossings for Pt passivation layer can be understood from the orbital analysis of the flat band near the Fermi level, which shows that this band have dominantly contributions from the orbitals of Pt and the first Co layer under it. For the Au passivation layer the flat bands contributions does not come from Co atoms close to surface or Au orbitals, but from bulk Co atoms. This is because the spin-down d states of both Pt and Co are partially filled and can be found near the Fermi level, which in turn allows their strong hybridization in forming of the chemical bond between Pt and Co. Additionally, Pt is close to fulfilling the Stoner criterion, meaning the electron correlations are strong enough to cause significant spin splitting of hybrid states. On the other hand, the d states of Au are fully occupied so its d states are located far from the Fermi level.
Therefore, polarized surface bands are present on Pt in the Co/Pt/Gr system, which means their overlap with Gr orbitals is larger than in the case of polarized bands of Co/Au/Gr, and the larger spin degeneracy splitting is induced in Gr.
As a result of the spin splitting there is a finite spin density in Gr. The magnetization of graphene in Co/Au/Gr can be estimated from the Pauli susceptibility of pristine graphene. On one hand, it can be obtained by subtracting the integrals of spin-up and spin-down PDOS in graphene over the filled states, which gives −9.27 × 10 −6 µ B . On the other hand, calculating it from the Pauli susceptibility, with the exchange field playing role of magnetic field, gives −8.61 × 10 −6 µ B (note that positive splitting as defined above yields spin-down polarization of graphene as spin-up band is raised in energy compared to spin-down). Similar prediction cannot be made for Co/Pt/Gr. However, the spin density of graphene is not homogeneous in either system because surface is not homogeneous. The plot of the spin density plane cut at 0.33 Å above the graphene in Fig. 4 shows that in the case of Co/Pt/Gr only the magnitude of the induced spin density in graphene varies, while in Co/Au/Gr the sign varies as well.
Spin-dependent transport effects are sensitive to the spin polarization P (E) of the PDOS N s (E) as
which, near the the Fermi level, is smaller in Co/Au/Gr compared to Co/Pt/Gr, as can be seen from Figs 5(a) and (b). This is not caused by the variation of the sign of the spin density in space as seen in Fig. 4 . By integrating the PDOS per atom a in a selected spin channel in an interval from the Fermi level to a selected energy E 0
and subtracting the results for the spin channels, the contribution of the bands in the selected energy range to the atomic spin density is obtained. From the dependence of this difference on the selected E 0 for graphene, shown in Fig. 6 , it is clear that near the Fermi level the π bands give a "ferromagnetic" contribution to the net polarization in case of both Au and Pt passivation layer. Therefore, the spin polarization of graphene π bands near the Fermi level is larger for Co/Pt/Gr than for Co/Au/Gr only because of a much larger spin splitting in graphene near the Fermi level in former compared to latter, as discussed previously. Particularly, in the case of the Pt passivation layer, there is a surface band in the spin down channel around 12 meV above the Fermi level, which causes large splitting on the avoided crossing. Such a band is absent in the case of Co/Au/Gr. Furthermore, Fig. 6 also shows that regardless of the passivation layer, the contributions of graphene bands up to 8 eV below the Fermi level have to be included in order to obtain the spin density shown in Fig. 4 . This means that not only the π bands of graphene are spin polarized by the proximity effect, but also a part of its σ bands. The energy range in which the graphene orbitals are spin polarized corresponds to the range of energies of the d bands of the metals. Hence, we conclude that the hybridization of graphene bands with the d bands of the metal gives rise to the proximity effect. We note that the total spin density differs significantly from the Fermi level spin density. This is because hybridization caused by avoided crossings far from the Fermi level also brings about additional charge transfer.
The energy-dependent spin-polarized DOS in Gr could be measured experimentally by a spin-polarized STM. According to Fig. 6 , by selecting an appropriate bias a varying sign or a constant sign image could be seen in either system. In Fig. 7 we show an example of the difference of the simulated spin-resolved STM images, where the bias of the STM was selected so that the net spin polarization of the scanned orbitals in the system with the Au passivation layer varies in sign. For the same bias, the simulated difference in the system with the Pt passivation layer is constant in sign.
III.2. Effects of gating
With the gate electric field applied, charge is transferred between the metal and Gr. This produces a shift of the PDOS relative to the Fermi level, as shown in Figs. 5(c) and (d) . The shift can be traced through the position of the point where the PDOS has a minimum. This point moves away from the Fermi level for fields oriented along the positive z direction because the electronic states of Gr are raised in energy compared to the metal and electrons flow from Gr to the metal, and vice versa.
For the same magnitude of the electric field, the PDOS of the system with the Au passivation layer shifts more than the PDOS of the system with the Pt passivation layer. This is in agreement with the electrostatic model [26] , as the doping of Gr for the Au passivation layer is lower, and consequently the PDOS at the Fermi level is smaller compared to Pt. However, the change in the spin density does not directly reflect the amount of the charge transferred. Figure 8 shows the magnetic moments of C atoms of Gr as a function of the gate field magnitude. It is clear that the field-induced change in magnetic moments is greater in the case of the Pt passivation layer. Furthermore, the spin polarization of bands near the Fermi level as a function of the magnitude of the gate field is shown in Fig. 5(a) and (b). Similarly to the magnetic moments, the energy-resolved spin polarization for the system with the Au passivation layer is less responsive to the gate field.
Stronger response in Co/Pt/Gr is due to the presence of spin-polarized bands with strong surface character slightly above the Fermi level. An electric field applied in the positive z direction lifts the surface bands higher above the Fermi level, because they are localized on the side of the metal with lower electrostatic potential, and vice versa. Due to the strong dispersion near the avoided crossing in the spin-down channel, this shift results in a significant change in the polarization when the electric field is applied.
For Co/Au/Gr the surface character of d bands is less pronounced and these bands shift significantly less with the applied field. On the other hand, the homogeneous splitting caused by interlayer exchange is unaffected by the field. Therefore, the total change in polarization of Gr in Co/Au/Gr is significantly smaller than in Co/Pt/Gr. The previously studied system with a h-BN passivation layer also exhibits a change in the sign of the spin polarization at the Fermi level with large gate field [26, 34] . Due to different electronic configuration in Co/Pt/Gr or Co/Au/Gr, the sign of the spin polarization at the Fermi level does not change with the tested gate fields.
IV. CONCLUSIONS
We have studied a system consisting of the ferromagnetic Co slab passivated by a layer of Au or Pt and a physisorbed layer of graphene which develops spin polarization through the proximity effect. This polarization can be tuned by the electric field, similarly to the previously studied systems where h-BN or graphene were used as passivation layers [26, 34] . Another manifestation of the magnetic proximity is the induced spin density in the graphene layer, which has the same (opposite) sign on the two inequivalent carbon atoms in Co/Pt/Gr (Co/Au/Gr). The net polarization is produced by the polarization of both σ and π orbitals in the energy range where the d bands of the metal are found. Inequivalence of induced polarization of carbon atoms manifests through different spin resolved local density of states on these carbon atoms which can be experimentally tested with a spin-polarized STM [55] .
For spintronic applications relying on transport [55] , the spin polarization near the Fermi level is important. Graphene in the Co/Pt/Gr system shows larger polarization near the Fermi level and stronger response to the applied field compared to Co/Au/Gr. Without an applied electric field, the spin polarization for both passivation layers is larger compared to the previously studied Co/h-BN/Gr system [26] , while the response to the electric field is only slightly stronger.
The large Gr spin polarization at the Fermi level in Co/Pt/Gr originates from the presence of a spin-down surface band just above the Fermi level. Stronger response to the electric field in this system is mediated by the field-induced shift of this band and is also facilitated by the lower doping of graphene compared to the systems with h-BN or Gr passivation layers. However, because the response to the field is weaker in Co/Au/Gr where the doping level is even lower compared to Co/Pt/Gr, we conclude that the effect of the surface band is the most important.
While Co/Au/Gr and Co/Pt/Gr do not exhibit gatecontrolled reversal of the proximity-induced spin polarization, which could be useful for implementation of Grbased magnetologic gates and lateral spin-valves [15, 16, 21, 40] , we have obtained several important findings, discussed below, which could also stimulate future work. Co/Pt/Gr-based structures support gate-controlled modulation of spin polarization, which is the key element of spin-interconnects [1] . Their constant-level charge current eliminates the crosstalk problems of unintended signals from electromagnetic induction in the neighboring wires based on the modulation of charge current in conventional interconnects [56] .
Since Au and Pt layers are spatially closer to Gr than Co, their p-doping character dominates the position of the Dirac cone compared to the n-doping of Gr by Co known from Co/h-BN/Gr heterostructures [26, 34, 36] . Further studies should concentrate on finding the surfaces where doping is lower, by changing Au and Pt layer concentration and their different spatial positions, as well as the surfaces that feature polarized surface bands on the Fermi level.
Elucidating magnetic proximity effects in graphene heterostructures with metallic ferromagnets remains an important issue as recent experiments on bias-dependent reversal of magnetoresistance in vertical Co/Gr/NiFe spin valves support an overlooked role of graphene [36] . Instead of ideally lattice-matched single-crystalline ferromagnet/Gr structures required for effective spin filtering [37] , they confirm the formation of van der Waals heterostructures without such lattice matching where the proximitized graphene itself is a source of spin-polarized carriers [26, 36] . While in these experiments Co and NiFe were responsible for effective n-and p-doping of graphene [36] , our studies show that even with a single ferromagnet, both n-and p-doping of graphene is possible, which could enable different approaches for designing bias-dependent magnetoresistive effects [25, 36, 57, 58] . 
